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   We used modified Czapek-Dox (mCD) or dextrin-peptone-yeast extract (DPY) media to 
cultivate a filamentous fungus, Aspergillus oryzae IAM 2706 by three different cultivation 
methods, i.e., shaking-flask culture (SFC), agar-plate culture (APC), and membrane-surface liquid 
culture (MSLC), to identify the differences in cultivation behaviors and gene transcriptional 
profiles. The fungi cultivated by APC or MSLC secreted a greater number of different 
proteins/enzymes in larger quantities compared with fungi cultivated by SFC, particularly when 
DPY medium was used. In particular, the amounts of protease secreted by fungi cultivated via 
MSLC or APC were much greater compared with SFC. When mCD medium was used, α-amylase 
activity was barely detectable in all cultures while the activity was detected in MSLC and APC in 
a quantity that was several times higher than that in SFC using DPY medium. SDS-PAGE analysis 
and N-terminal amino acid sequences confirmed 6 proteins in the culture supernatants when DPY 
medium was used. Among these proteins oryzin (an alkaline protease) and α-amylase were 
detected at much higher levels in APC and MSLC compared with SFC, which was consistent with 
the measured activity of the secreted enzymes. However, when mCD medium was used, only 
oryzin was detected in significant amounts in MSLC and APC. Microarray analyses of the fungi 
cultivated by SFC, APC or MSLC using either mCD or DPY media indicated that the gene 
transcriptional profile of the MSLC sample was similar to that of the APC sample but different 
from that of the SFC sample. When mCD medium was used, most of the genes that were 
up-regulated 10-folds or greater in the MSLC sample relative to the SFC sample were unknown or 
predicted proteins. Transcription of the oryzin gene was only slightly up-regulated in the MSLC 
sample while transcription of the α-amylase gene was slightly down-regulated. On the other hand, 
when DPY medium was used, many known genes including the oryzin gene were up-regulated in 
the MSLC sample versus the SFC sample. 
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1 INTRODUCTION 
 
   Filamentous fungi are widely utilized in the 
production of enzymes/heterologous proteins, organic 
acids, and antibiotics, and they are also used in the 
preparation of traditional fermented foods and beverages 
[1, 2]. Most filamentous fungi are absolute aerobe and, 
therefore, require oxygen for growth. In nature, 
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filamentous fungi grow on solid substrates and are able 
to thrive under conditions of relatively low humidity by 
extending long, thin, branched threads of mycelium, 
which form spores when nutrients are scarce. 
Filamentous fungi that are used in industrial processes 
are usually cultivated by submerged liquid culture (SLC), 
which uses water-soluble nutrients. Advantages of SLC 
include ease of medium preparation, control of 
pH/temperature, and recovery of products. However, the 
amount of enzymes/proteins secreted by filamentous 
fungi, including heterologous proteins and 
low-molecular weight metabolites of filamentous fungi, 
is much larger when fungi are cultivated by 
solid-substrate culture (SSC), which uses water-insoluble 
agricultural products, such as steamed rice, ground 
soybeans, and wheat bran, compared with SLC using a 
liquid medium [1-3]. In addition, enzymes that are barely 
detected, when SLC is used, can sometimes be produced 
by SSC [1, 4-14]. Thus, based on these results, a number 
of researchers are currently investigating how differences 
in the cultivation methods might alter the transcription of 
various genes that control important phenotypic 
characteristics, such as growth, development, and 
mycotoxin/enzyme production [12]. Moreover, many 
investigators have recently attempted to identify the 
mechanism responsible for the increased enzyme 
production in SSC by investigating gene transcription 
[9,10,14-21] and protein expression [22]. Genes that are 
uniquely expressed by SSC or SLC have been screened 
under different cultivation conditions and discussed in 
the context of their function in the fungi [19,20]. 
However, gene expression studies have focused mainly 
on several particular genes, such as those encoding 
glucoamylase B, acid protease, oryzin, and neutral 
protease [15,17,18,20,23]. Recently, the sequence of the 
entire A. oryzae genome [24] has been revealed, which 
might help researchers understand the factors that affect 
the higher enzyme productivity of SSC. 
   We previously reported that filamentous hyphae 
cultivated by membrane-surface liquid culture (MSLC) 
[25,26] shows cultivation characteristics, such as growth 
and enzyme productivity that are similar to those of 
fungi cultivated by agar-plate culture (APC). Thus, 
MSLC-cultivated fungi can serve as a model for SSC 
[26-30]. In MSLC, filamentous fungi are grown 
statically on the surface of a microporous membrane. 
The spore-forming side of the fungus faces the air with 
forming spores, similar to SSC while the other side is in 
contact with the liquid medium, as shown schematically 
in Figs. 1(a) and (b) [25,26,31]. We showed that neutral 
protease, α-glucosidase, and kojic acid are both produced 
at much higher levels by MSLC-cultivated fungi than 
fungi grown in shaking-flask culture (SFC). In addition, 
we identified MSLC-specific genes [32]. Shimokawa et 
al. [33] recently showed that protein secretion, dye 
decoloring peroxidase activity, and aryl alcohol oxidase 
activity of a basidiomycete, Thanatephorus cucumeris, 
are markedly enhanced by cultivation in an 
air-membrane surface bioreactor, which is similar to 
MSLC in principle. Hence, it is expected that MSLC 
might be a useful tool not only for an efficient 
production system [26,31] and also for elucidating the 
mechanism by which SSC results in increased enzyme 
production. 
   In this study, we cultivated A. oryzae IAM 2706 by 
SFC, APC or MSLC, using identical cultivation 
conditions for each method. We used two different 
media, i.e., mCD or DPY, to systematically investigate 
growth and secretion of enzyme particularly proteases 
and α-amylase, and we used gene transcriptional profiles 
by DNA microarray analysis to identify the effects of 
different cultivation methods on A. oryzae. 
 
2  MATERIALS AND METHODS  
 
2.1  Cultivation Methods and Conditions 
   A. oryzae IAM2706 (hereafter abbreviated to A. 
oryzae) was obtained from the Institute of Molecular and 
Cellular Biosciences, The University of Tokyo (Tokyo). 
In the present study, all the cultivations, including slant 
and main cultures, were performed at 30°C throughout 
this study. The vegetative cells were cultivated for about 
6 days on a slant medium (1.5% glucose, 0.3% NaNO3, 
0.2% KCl, 0.1% KH2PO4, 0.05% MgSO4.•7H2O, 
0.002% FeSO4•7H2O, and 2% agar, pH 6.0) to obtain 
spores. Then the main cultures (SFC, APC, and MSLC) 
were started, using either modified Czapek-Dox medium 
(mCD medium; 1.5% glucose, 0.4% yeast extract, 0.1% 
K2HPO4, 0.05% MgSO4•7H2O, 0.05% NaCl, and 
0.001% FeSO4•7H2O, pH 7.0) or DPY medium (2% 
dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% 
KH2PO4, and 0.05% MgSO4•7H2O, pH 7.0) with or 
without agar. 
Typically, SFC was started by inoculating 25 ml of 
mCD or DPY medium in a 100-ml Sakaguchi flask with 
200 µl of spore suspension (1 x 107 spores/ml). The  
flasks were placed on a reciprocal shaker (120 
strokes/min), and the cultures were grown for 5 days. To 
investigate the effects of flask volume on the cultivation 
characteristics, the cultivation was also performed in 2-l 
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shaking flasks by inoculating 150 or 500 ml of DPY 
medium with the spore suspension at the same 
concentration as was used for the cultures in 100-ml 
flasks. APC was started by spreading 200 µl of the spore 
suspension, which contained the same number of spores 
as used for SFC, uniformly on 25 ml of mCD or DPY 
agar plate medium (2% agar) in a plastic dish (94 mm x 
21 mm) followed by static incubation in an incubation 
box (ESPEC incubator CHS-110; Tabai ESPEC, Osaka, 
Japan). The incubator temperature and relative humidity 
were maintained at 30°C and ≥98%, respectively.  
MSLC was conducted by the same method as 
reported previously [30-32] using plastic dishes (94 mm 
x 21 mm) with Biodyne A (PALL Co., NY) as a porous 
membrane as shown in Figs.1(a) and (b). Namely, the 
cultivation was started by uniformly spreading 200 µl of 
the spore suspension, which contained the same number 
of spores as used for SFC and APC, onto the membrane 
surface. The dishes were then incubated under conditions 
identical to those used for APC. Hyphae growth on the 
membrane surface was uniform with no leakage into the 
liquid medium contained in the bottom dish.  
 
Fig. 1  Conceptual diagram for an MSLC apparatus (a) 
and an enlarged view (b). In actual practice, a porous 
membrane is set on the surface of a liquid medium and 
held in place by appropriate supports. MSLC using a 
plastic dish could be carried out just in a manner similar 
to an agar-plate culture.  
 
For each of the cultivation method examined, i.e., 
SFC, APC, and MSLC, we usually cultivated several 
cultures simultaneously and one of the cultures was 
withdrawn for analyses at the appropriate times during 
the course of cultivation. The glucose concentration was 
measured by the mutarotase-glucose oxidase/peroxidase 
method using the Glucose CII-test Wako (Wako Pure 
Chemical Industries, Ltd., Osaka). Protease activity was 
measured using the same method as described previously 
[26]. One unit of the protease activity was defined as the 
amount of enzyme that catalyzes the solubilization of 
1-mg protein at pH 7.0 and 30oC in one minute. Protein 
was measured using the Lowry method [34] with bovine 
serum albumin as the standard. The activities for 
α-amylase and α-glucosidase/glucoamylase were 
measured using an α-amylase kit and an 
α-glucosidase/glucoamylase assay kit (Kikkoman Co., 
Chiba, Japan), respectively. One unit of the α-amylase 
activity was defined as the amount of enzyme that 
releases 1 µmol of 2-chloro-4-nitrophenol from 
2-chloro-4-nitrophenyl 65-azido-65-deoxy-β-maltopenta- 
oside at 37oC in one minute. One unit of α-glucosidase 
or glucoamylase activity was defined as the amount of 
enzyme that releases 1 µmol of 4-nitrophenol, in the 
form of 4-nitrophenyl α-D-glucopyranoside or 
4-nitrophenyl O-α-D-glucopyranosyl (1→4)-β-D-gluco- 
pyranoside at 37oC in one minute, respectively. Dry cell 
weight was measured by the same method as described 
elsewhere [25]. 
   The kLa, an indicator of oxygen-uptake efficiency of 
the culture was measured indirectly using the sodium 
sulfite method. The reaction was performed in a 100-ml 
shaking flask containing 25-ml 0.2 N Na2SO3 or in a 2-l 
shaking flasks containing 150-ml 0.2 N Na2SO3, as 
described elsewhere [35]. The flasks were shaken at 
30οC on a reciprocal shaker (120 strokes/min).  
 
2.2 SDS-PAGE and N-Terminal Amino Acid 
Sequences 
SDS-PAGE was performed using a 12.5% 
polyacrylamide gel and Precision Plus Protein Standards 
(Bio-Rad Laboratories, Hercules, CA) as the molecular 
weight marker, as described elsewhere [36]. Protein 
bands were stained with CBB Stain One (Nacalai Tesque, 
Inc., Kyoto, Japan). For determination of the N-terminal 
amino acid sequence of proteins, the supernatant was 
first separated on a 12.5% SDS-PAGE gel (Mini-Protean 
III Ready Gels J, Bio-Rad Laboratories, Hercules, CA) 
and electroblotted onto a PVDF membrane (Atto Corp., 
Clear Blot Membrane-P, Tokyo, Japan). After sufficient 
washing with distilled water, the membrane was 
subjected to a protein sequencer (Applied Biosystems, 
Model 491, Foster, CA).  
 
2.3  Purification of mRNA and cDNA-Microarray 
Analysis 
   A DNA microarray (Fermlab Array Aspergillus 
oryzae 12k) that includes nearly the entire genome of A. 
oryzae (12,168 probes) was purchased from Fermlab Inc. 
(Tokyo, http://www.fermlab.com/motechinfo.html). 
Total RNA was extracted with Trizol reagent (Invitrogen, 
Carlsbad, CA) from A. oryzae mycelia, which had been 
collected from 10 batches of SFC, APC, and MSLC, in 
either mCD or DPY media after 1.5 days of cultivation. 
Poly(A) mRNAs were purified using a FastTrack 2.0 kit 
(Invitrogen) as reported elsewhere [32,35,37]. The 
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quality of the RNA was confirmed by agarose gel 
electrophoresis. Then, Cy3- and Cy5-labeled cDNAs 
were prepared using 1 µg of purified mRNA and a 
Cyscribe cDNA Post Labeling Kit (GE Healthcare, 
Piscataway, NJ). Approximately 60 pmol of the purified 
cDNA probes were dissolved in a hybridization solution 
(1% salmon testes (Sigma-Aldrich, St. Louis, MO)), 
35% formamide, 0.3% SDS, and 3.4 x SSC) and 
denatured at 95oC for 5 min, followed by 
overnight-hybridization with a DNA microarray plate in 
a hybridization chamber at 42oC. The microarray plate 
was washed at room temperature with 2 x SSC and 
0.03% SDS for 15 min, 0.2 x SSC for 5 min, rinsed with 
MilliQ water, and finally dried by centrifugation. Then, 
the spots were detected using an Affymetrix 428TM Array 
Scanner (Affymetrix, Santa Clara, CA), followed by 
analysis using ImaGene ver. 5.5 software (BioDiscovery, 
El Segundo, CA). The hybridization experiment using 
the microarray was duplicated for both MSLC-SFC and 
MSLC-APC samples obtained using mCD medium and 
the average value for the mean intensity ratio obtained 
were used for the analyses while only one batch 
experiment was carried out for the sample using DPY 
medium. During the data processing, the data were 
filtered using the Microsoft Excel 2007. 
 
2.4  Gene Sequence Analysis 
   Gene sequences and annotations of A. oryzae were 
obtained from the Database Of the Genome Analyzed at 
NITE (DOGAN : 
http://www.bio.nite.go.jp/dogan/MicroTop?GENOME_I
D=ao). Gene function predictions were carried out 
simultaneously based on the results of either the 
BLASTP or the BLASTX program 
(http://www.ncbi.nlm.nih.gov/BLAST). Homology 
searches of the N-terminal amino acid sequences were 
performed using BLAST and FASTA algorithms from 
the DNA Data Bank of Japan (DDBJ), MEROPS, and 
DOGAN (http://www.ddbj.nig.ac.jp/Welcome-j.html, 
http://merops.sanger.ac.uk/, http://www.bio.nite.go.jp/ 
dogan/Top). The signal peptide sequence was predicted 
using SignalP 3.0 (http://www.cbs.dtu.dk/services/ 
SignalP/). 
 
3  RESULTS   
 
3.1  Cultivation Characteristics  
   Figs. 2(a)–(c) show the growth, courses of protease 
production, and α-amylase production, respectively, for 
SFC, APC, and MSLC using mCD medium. Fig. 2(a) 
shows that there was only a slight difference in growth 
among the three cultivation methods using mCD medium 
and the glucose consumption rates were comparable 
(data not shown). For both APC and MSLC, the 
 
 
Fig. 2  Courses of cultivation by SFC (open squares), APC (closed triangles), and MSLC (closed circles) using mCD 
(a – c) or DPY medium (d – f). Growth (a, d), protease activity (b, e), andα-amylase activity (c, g). 
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concentration of protease that had accumulated in the 
medium was maximal after 2 days of cultivation at 
approximately 270 and 400 U/ml, respectively as shown 
in Fig. 2(b). By contrast for SFC the onset of protease 
production occurred after 2-3 days of cultivation, and the 
maximal concentration was only 20 U/ml, which was 
less than 1/10 the concentration produced using either 
APC or MSLC. α-Amylase production was very low for 
all three cultivation methods (Fig. 2(c)). The pH changes 
during SFC and MSLC cultivation were similar in 
tendency for both SFC and MSLC (data not shown). 
Namely, for SFC and MSLC, pH was initially decreased 
to 6.8 and 6.5 after 1 and 1.5 days of cultivation, 
respectively, followed by cell growth with a concomitant 
gradual increase to pH 8-8.5 after 4 days. 
   Figs. 2(d) – (f) show the growth and courses of 
protease and α-amylase production, respectively, for 
SFC, APC, and MSLC using DPY medium. The growth 
in APC and MSLC using DPY medium was slightly 
higher than growth in mCD medium, as shown in Figs. 
2(a) and (d). Glucose was exhausted during the first day 
after the start of cultivation for each of the three 
cultivation methods (data not shown). As shown in Fig. 
2(e), the level of protease production for SFC was very 
low using DPY medium, which is similar to the result 
obtained using mCD medium described above. The 
amount of protease produced by APC and MSLC 
reached their maxima of 1,600 U/ml and 2,500 U/ml 
after 1.5 and 2 days of cultivation, respectively. 
Subsequently, the amount of protease declined gradually 
probably due to autolysis or to proteolysis by other kinds 
of proteases. Thus, the maximal protease concentrations 
obtained with APC or MSLC in DPY was more than 
6-fold greater than those obtained by the corresponding 
cultivation methods using mCD medium (Fig. 2(b)). Use 
of DPY medium markedly increased α-amylase 
production compared with mCD medium, as shown in 
Figs. 2(c) and (g). The amounts obtained by use of APC 
or MSLC after 1.5 days of cultivation were 
approximately 3-fold greater than the amount obtained 
by SFC.  
   Generally, both growth and protein secretion levels 
of filamentous fungi depend on culture volume, which 
affects the oxygen uptake efficiency. The kLa values 
were 71 and 230 h-1, for the 100-ml flask containing 25 
ml of solution and the 2-l flask containing 150 ml, 
respectively. These results indicate that the 2-l flask 
containing 150 ml of medium had a much higher oxygen 
uptake efficiency than the 100-ml flask containing 25 ml 
of medium. However, during cultivation, cell growth 
delayed 1 day using the 2-l flask containing 150 ml 
medium (kLa = 230 h-1), compared with the onset of cell 
growth in the 100-ml flask containing 25 ml of medium 
(kLa = 71 h-1) (data not shown). During cultivation in the 
100-ml flask, the pH of the medium initially decreased to 
approximately 6.6 but gradually increased to 8 with 
concomitant cell growth. Cell growth was maximal after 
3 days of cultivation, followed by rapid increase in the 
protease secretion. On the other hand, in the 2-l flask, the 
pH was still less than pH 8 after 5-days of cultivation. 
Moreover, the amount of protease secreted in the 2-l 
flask was approximately 1/6 that obtained in the 100-ml 
flask and the α-amylase production in the 2-l flask was 
≤40 % that of the 100-ml flask.  
 
3.2  SDS-PAGE Analysis  
Figs. 3(a) and (b) show the results of the 
SDS-PAGE analysis of the culture supernatants of the 
broths obtained from MSLC, SFC, and APC after 1.5 
days of cultivation using mCD or DPY medium, 
respectively. Both the number and the intensity of the 
protein bands were highly dependent on both the type of 
medium (i.e., mCD or DPY medium) and the cultivation 
methods. More numerous bands and bands with much 
higher intensities were detected in the samples that were 
grown in DPY medium compared with corresponding 
samples cultivated in mCD medium. Regarding the 
 
Fig.3 Results of SDS-PAGE analyses of the 
supernatants obtained from 1.5-day cultures of MSLC, 
SFC, and APC using mCD medium (a) or DPY 
medium (b). The number (1-6 and 5f/5f’) shown by the 
arrow corresponds to the band number shown in Table 
1. It should be noted that the supernatants of the mCD 
and DPY cultures were concentrated 5 times using an 
Ultrafree-0.5 PBCC Centrifugal Filter Unit (Biomax-5 
Membrane, Millipore, USA). 
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effects of the cultivation methods, the protein profiles 
and band intensities for APC and MSLC were similar, 
while fewer proteins with lower band intensities were 
detected for SFC regardless of which medium was used. 
Similar tendencies were observed throughout the entire 
cultivation period of 5 days (data not shown). 
Based on the N-terminal sequence analysis of the 
proteins extracted from the SDS-PAGE gels for the 
MSLC sample obtained using mCD or DPY medium and  
on the BLAST search, six proteins (see Fig. 3 (bands 1–6 
and 5f/5f’)) were identified. The six proteins are listed in 
Table 1 with their Gene IDs. For dipeptidyl peptidase V 
or alanyl dipeptidyl peptidase (band 1), α-amylase (band 
2) [37,38], transferring receptor and related proteins that 
contain a protease-associated domain  (band 4), and a 
putative FG-GAP repeat protein (band 6), the signal 
peptides were confirmed to be cleaved by analysis using 
Signal P 3.0 and the complete amino acid sequence 
confirmed cleavage of the signal peptides. On the other 
hand, 245 and 121 amino acid residues were found to be 
deleted from the N-terminal peptide sequences of the 
precursors of neutral protease I and oryzin, respectively. 
These results are consistent with previously reported 
results [37-42]. The signal peptide and propeptide 
regions of the precursors of neutral protease and oryzin 
are deleted during secretion into the medium. Bands 5f 
and 5f’ were found to be truncated oryzins with deletion 
of the C-terminal peptide region as the their N-terminal 
peptide sequences were identical to that of the full-length 
oryzin. Some other bands besides the 6 proteins 
mentioned above were a mixture of plural proteins (data 
not shown). The N-terminus of the band intermediate to 
the 50-kDa and 37-kDa marker proteins of the SFC lane 
in Fig. 3 (b) was found to be blocked and therefore could 
not be sequenced. Oryzin was a major protein secreted in 
both APC and MSLC using mCD medium was oryzin 
(band 5 in Fig. 3(a)), while those obtained using DPY 
medium contained both α-amylase (band 2 in Fig. 3(b)) 
and oryzin (band 5 in Fig. 3(b)). On the other hand, a 
neutral protease was definitively detected in the 
supernatants from MSLC and APC using DPY medium, 
particularly after 2 days of cultivation (data not shown). 
Dipeptidyl-peptidase V was detected only in APC after 
1.5 days of cultivation, using either mCD or DPY media, 
although the band intensity was much stronger when 
DPY medium was used, as shown in Figs. 3(a) and (b). 
 
3.3  Gene Transcriptional Analysis 
   We investigated differences in the gene 
transcriptional profile of a filamentous fungus cultivated 
by SFC, APC or MSLC, using either mCD or DPY 
medium. Figs. 4 (a) and (b) show scatter plots of the 
mean intensity ratios (log2 transformed) for the MSLC 
sample (cells cultivated by MSLC) versus those for the 
SFC sample (cells cultivated by SFC) and APC sample 
(cells cultivated by APC) cultivated in mCD medium, 
respectively while Figs. 4 (c) and (d) show scatter plots 
of the mean intensity ratios for the MSLC sample versus 
those for the SFC and APC samples, respectively when 
cultivated in DPY medium.  
   As shown in Figs. 4(a) – (d), most of the points are 
scattered around a line that passes through the origin 
with a slope of 1. This result indicates that in general, the 
SFC, MSLC, and APC samples had similar 
transcriptional levels. However, some points in the areas 
shaded gray in Figs. 4(a) – (d) clearly deviate from the 
line with a slope of 1, which satisfies the conditions, i. e., 
y-x > 2, y > 1, x < 0.5) and (y-x < -2, y < 0.5, x > 1), 
where y represents the mean intensity ratios of the MSLC 
sample, and x those of the SFC or APC sample. The 
points existing in the upper left (second quadrant) gray 
areas in Figs. 4 (a) and (b) correspond to the genes 
specifically transcribed in the MSLC sample, which were 
up-regulated at least 4-fold compared with the SFC and 
APC samples, respectively. The points in the lower right 
gray area (fourth quadrant) represent the genes 
specifically transcribed in the SFC sample or APC 
sample, which were up-regulated at least 4-fold 
compared with the MSLC sample. Figs. 4(c) and (d) 
show scatter plots for the results obtained with DPY 
medium; these plots correspond to Figs. 4(a) and (b), 
respectively. As shown in Figs. 4(a) – (d), the number of 
genes specific for MSLC relative to SFC and vice versa 
was greater than the number of genes unique to MSLC 
versus APC and vice versa for both mCD and DPY 
media. Namely, the gene transcriptional profile obtained 
for MSLC was similar to that of APC for both mCD and 
DPY media. Table 2 lists the 8 genes that were uniquely 
transcribed in the MSLC sample versus the SFC sample 
(upper column) and the 14 genes that were uniquely 
Table 1  N-Terminal amino acid sequence of proteins/ 
polypeptides isolated by SDS-PAGE. 
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transcribed in the SFC sample versus the MSLC sample 
(lower column) with differences in transcription level of 
at least 10-fold in mCD medium.  
   Most of the genes listed in Table 2 were unknown or 
predicted proteins except for two hydrolases for the 
genes specifically transcribed in the MSLC sample 
versus the SFC sample and six enzymes or proteins for 
the genes specifically transcribed in the SFC sample 
versus the MSLC sample. The genes specifically 
transcribed in the SFC sample, but not in the MSLC 
sample, included genes encoding membrane-associated 
proteins such as MFS monosaccharide transporter, 
GPI-anchored protein, and the cytochrome P450 CYP2 
subfamily. There were no genes for which the difference 
in level of transcription between the MSLC and APC 
samples were 10-fold or greater. The transcription of the 
oryzin gene (AO090003001036) in the MSLC sample 
was increased only 2.3-fold compared with the SFC 
sample, which was much less than the increase observed 
for the genes listed in Table 2 despite high enzyme 
production during cultivation (Fig. 3(a)). 
   Genes that were transcribed only in the MSLC 
sample, but not in the SFC sample (first column) or APC 
samples (third column), and genes transcribed in the SFC 
sample (second column) or APC sample (fourth column), 
but not the MSLC sample, for which the transcription 
was increased at least 10-fold or greater in DPY medium 
are listed in Table 3. Most of the genes listed in Table 3 
are predicted to function in cell growth, electron transfer, 
hydrolysis reaction, gene transcription, and protein 
folding. There were also three genes that encode proteins 
with no known function (each described as predicted  
 
 
Fig. 4  Scatter plots of mean intensity ratios (log2transformed) of MSLC versus SFC ((a) for mCD medium 
and (c) for DPY medium, respectively) and MSLC versus APC ((b) for mCD medium and (d) for DPY 
medium, respectively). The fluorescence intensities of samples were normalized by division by the average 
fluorescence intensity and subsequent log2 transformation. The areas shaded gray indicate regions bound by 
the conditions, x-y > 2, x > 1, y < 0.5 and x-y < -2, x < 0.5, y > 1, respectively. 
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protein). In addition, there were two MSLC-specific 
genes that were either down-regulated or up-regulated 
relative to expression in both SFC and APC. For 
example, the C6 zinc finger domain protein was 
down-regulated and O-methyltransferase was 
up-regulated compared with SFC and APC. The oryzin, 
FG-GAP repeat protein (AO090003000935), and 
transferring receptor and related proteins containing the 
protease-associated (PA) domain  (AO090011000052) 
were up-regulated 32.4, 13.3, and 13.2-fold, respectively. 
These results were coincident with enzyme production 
during cultivation, as evaluated by SDS-PAGE (Fig. 3), 
which was quite different from the results obtained using 
mCD medium (Table 2).  
   Transcription of a neutral protease gene  
(AO090011000036) was high in both the MSLC and 
APC samples when DPY medium was used. MSLC and 
APC samples showed similar mean intensity ratios of 
approximately 4, and transcription of the gene was 
up-regulated 5-fold in the MSLC sample compared with 
the SFC sample. On the other hand, the transcription 
level of the α-amylase gene (AO090120000196) was 
high in the SFC, MSLC, and APC samples with mean 
intensity ratios of approximately 4-5. However, the 
amount of α-amylase was greater in MSLC and APC 
compared with SFC during the 5-day cultivation (Fig. 
2(f)), as discussed later. 
 
4 DISCUSSION 
 
   MSLC and SSC are similar cultivation methods in 
that they both are static surface cultures, although MSLC 
uses liquid medium. Because MSLC uses liquid medium, 
the medium component of the culture is nearly uniform,  
as opposed to that in SSC. Therefore, the cultivation 
behaviors of SFC and MSLC result from very similar 
conditions, except that hyphae submerged and vigorous 
shaking. Results of the present study suggest that in 
general MSLC is similar to APC, but substantially 
different from SFC, in terms of enzyme secretion – 
particularly protease secretion and gene transcriptional 
profile. These differences in cultivation methods were 
observed regardless of the type of medium used, i.e., 
mCD or DPY medium. The level of protease secretion in 
SFC was extremely low while MSLC and APC resulted 
in high protease secretion. These differences in protease 
secretion occurred though there was no appreciable 
difference in growth among the cultivation methods 
using either mCD or DPY medium. However, use of 
DPY medium increased the level of protease secretion in 
MSLC and APC to a greater extent than use of mCD 
medium. These results were supported by the 
SDS-PAGE results. Similar to the results of the present 
Table 3  Lists of genes specifically transcribed with 
more than 10-fold up-regulation in DPY medium. 
 
Table 2  Lists of genes specifically transcribed with 
more than 10-fold up-regulation in mCD medium. 
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study, Oda et al. [22] reported that A. oryzae RIB40 
secreted 4.0 to 6.4-fold more protein per milligram of 
mycelium when cultured by SSC compared with SLC. 
The higher level of oryzin secretion in MSLC and APC 
compared with SFC was not consistent with the level of 
gene transcription when mCD medium was used, but 
gene transcription and protein secretion were consistent 
when DPY medium was used. These results clearly 
suggest that the relationship between the enzyme 
secretion and gene transcriptional levels depends on the 
kinds of medium composition, although the 
component(s) of the medium that affect the relationship 
are not known at present. 
   Because the three cultivation methods resulted in 
similar growth, the significant reduction in protease 
production in SFC could not be explained by the 
differences in the growth. Furthermore, the fact that 
sufficient oxygen might not be available in SFC as 
compared with APC and MSLC does not explain the 
lower enzyme production in SFC. The levels of protease 
and α-amylase secretion during cultivation in a 2-l flask 
containing 150-ml medium (kLa of 230 h-1) were much 
lower than those in a 100-ml flask with 25-ml medium 
(kLa of 71 h-1), with similar maximal cell numbers in all 
cultures. These results were obtained with use of DPY 
medium.  
   The glucoamylase activity in the culture supernatant 
was very low (0.05 U/ml) in each of three cultivation 
methods, even use of DPY medium. These results could 
probably be ascribed either to the fact that water activity 
was not as low as that in SSC, which uses solid 
substrates, as suggested by the results of Ishida et al. [15], 
Alternatively, maltose was not added to the liquid 
medium at a high concentration, as suggested by te 
Biesebeke et al. [20], although they measured only the 
level of glucoamylase transcription. Furthermore, in the 
present study, we used a different Aspergillus strain than 
used by both Ishida et al. [15] and te Biesebeke et al. 
[20], which might affect the glucoamylase expression in 
addition to the differences in the cultivation conditions as 
mentioned above. Both the α-amylase-encoding gene 
and its activity were barely detectable when mCD 
medium was used. On the other hand, when DPY 
medium was used, the level of α-amylase secretion in 
MSLC and APC were similar and larger than that 
obtained with SFC, according to the SDS-PAGE analysis 
and activity measurement. However, the microarray 
analysis showed similar intensities for the three 
cultivation methods. These results suggest that secretion 
of α-amylase through the cell wall into the medium is 
hindered in SFC, as reported by Oda et al. [22].  
   Although MSLC and APC showed a similar 
tendency in the secretion of most proteins studied here, 
alanyl dipeptidyl peptidase (band 1 in Fig. 3) was not 
clearly detected in MSLC for an unknown reason. One 
possible explanation for the different levels of alanyl 
dipeptidyl peptidase secretion by MSLC and APC is that, 
in MSLC hyphae grow over the membrane surface 
without entering the membrane pores. By contrast, in 
APC, the hyphae grow into the agar plate where they 
secrete enzymes to take in the nutrients in a manner 
similar to SSC using natural agricultural products. 
   In the present study, we elucidated differences in the 
gene transcriptional levels among the samples obtained 
by the different cultivation methods using a DNA 
microarray that included almost all protein-encoding 
genes for A. oryzae. Although much research has 
investigated the effects of different methods and 
conditions on gene transcription of specific secreted 
enzymes [15,20,43,44], no reports have focused on 
changes in the level of transcription of the entire gene, as 
far as the authors know. The microarray analyses 
indicated that the number of genes specific for MSLC 
relative to SFC and vice versa was greater than the 
number of genes unique to MSLC versus APC and vice 
versa for both mCD and DPY media. When mCD 
medium was used, most of the genes that were uniquely 
transcribed in the MSLC, but neither SFC nor vice versa, 
were genes encoding unknown or predicted proteins. 
Even oryzin, which was present in much higher 
quantities in the MSLC and APC samples in comparison 
with that for the SFC sample, was only slightly 
up-regulated in the MSLC and APC samples based on 
the microarray analyses, as mentioned previously. Thus, 
specific proteins might be included among the unknown 
or predicted proteins that are the clue to understanding 
the efficient secretion of enzymes in MSLC, APC or 
SSC. Additional detailed and comprehensive studies are 
requisite. 
   On the other hand, when DPY medium was used, 
many known genes were specifically transcribed only in 
the MSLC sample, but not the SFC sample with 
up-regulation of 10-fold or greater, including genes for 
oryzin, FG-GAP proteins, and transferring receptor and 
related proteins that contain the protease-associated 
domain. These observations are consistent with the 
results obtained by SDS-PAGE. O-methyltransferase 
gene was up-regulated in the MSLC sample versus both 
the SFC and APC samples. In addition, there were also 
genes that were uniquely transcribed in the SFC and/or 
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APC sample versus the MSLC samples compared with 
the MSLC sample with up-regulation of 10-fold or 
greater. In particular, the C6 zinc finger domain protein 
gene was markedly up-regulated in the SFC and APC 
samples versus the MSLC sample by 57- and 19-fold, 
respectively. However, mechanism for the up-regulation 
is not known at present. The results obtained above 
provide us novel and interesting information regarding 
the gene expression of A. oryzae. In addition, the present 
study also revealed similarities between MSLC and APC 
in terms of the enzyme secretion level and a gene 
transcription profiles, as mentioned above. The types of 
medium had a very strong impact on the transcriptional 
profile for each of the three cultivation methods - MSLC, 
APC, and SFC. Namely, function of most of the genes 
that were highly up-regulated or down-regulated in the 
MSLC when mCD medium was used, are unknown 
while that of many genes that were highly up-regulated 
with use of DPY medium are known.  
   In conclusion, the results of the present study 
indicate that the A. oryzae cultivated by MSLC possesses 
characteristics similar to fungi cultivated by APC and 
probably by SSC as well, but quite different from fungi 
cultivated by SFC. The amount of enzyme secreted and 
the gene transcription profiles were strongly dependent 
on the type of medium. MSLC would be a very simple 
method for conducting proteomic, as well as genomic, 
analyses, with no possibility of contamination by 
RNA/proteins derived from water-insoluble agricultural 
substrates. Therefore, MSLC might be both an efficient 
production system for filamentous fungi and a powerful 
tool for revealing the molecular mechanism of higher 
enzyme production in fungi cultivated by SSC. 
 
Abbreviations 
APC  =  Agar-plate culture 
mCD medium  =     modified Czapek-Dox medium 
MSLC  =  Membrane-surface liquid culture 
SFC =  Shaking-flask culture 
SLC =  Submerged liquid culture 
SSC  =  Solid-substrate culture  
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